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SUMMARY 

Vertical-motion  cues  supplied by a g - sea t   t o  augment platform  motion  cues i n   t h e  
other  f ive  degrees  of  freedom were eva lua ted   i n  terms of t h e i r   e f f e c t  on ob jec t ive  
performance  measures  obtained  during  simulated  transport  landings  under  visual  con- 
d i t ions .   In   addi t ion  to  eva lua t ing   t he   e f f ec t s  of t he   ve r t i ca l   cue ing ,  runway width 
and magn i f i ca t ion   e f f ec t s  were inves t iga t ed .  

The g-seat  was evaluated  during  f ixed-base and  moving-base operations.  Although 
performance  with  the  g-seat  only  improved  sl ightly  over  that   with  f ixed-base  opera- 
t i on ,  combined g-seat  and p la t form  opera t ion  showed no  improvement  over  platform-only 
operat ion.  However, the magnitude  of t he  improvement  of  motion-only  operation  (with 
no ver t ica l   cue ing)   over   f ixed-base   opera t ion   ind ica ted   tha t   the   p i lo t -vehic le   t ask  
was motion s e n s i t i v e  enough t o   d e t e c t  any b e n e f i t  of ve r t i ca l   cue ing ,  had one  been 
present ,   wi th   g -sea t   opera t ion .  F r o m  t h e s e   r e s u l t s ,  it may be i n f e r r e d   t h a t   t h e  
s l i g h t  improvements obtained  with  motion  cueing from e i t h e r   t h e   g - s e a t   o r   t h e   p l a t -  
form a r e   a t t r i b u t a b l e   t o   t h e   f e e d b a c k  of state-change  information. 

When one  runway width a t  one magni f ica t ion   fac tor  was compared with  another  
width a t  a d i f f e r e n t   f a c t o r ,   t h e   v i s u a l   r e s u l t s   i n d i c a t e d   t h a t  runway width  probably 
had no e f f e c t  on pilot-vehicle  performance. The few performance  differences  that  
were  detected may be more r e a d i l y   a t t r i b u t e d   t o   t h e   e x t a n t   ( e x i s t i n g   t h r o u g h o u t )  
i nc rease   i n   ve r t i ca l   ve loc i ty   i nduced  by the  magnif icat ion  factor   used  to   change  the 
runway width ,   ra ther   than   to   the   wid th   i t se l f .  

INTRODUCTION 

A general ly   accepted  premise  within  the  f l ight-s imulat ion community i s  t h a t  
high-f.idelity  motion  cueing is  ava i l ab le   fo r   t r anspor t   s imu la t ion .  The acceptance 
of  this  premise i s  based' p a r t l y  on object ive  data ,   demonstrat ing  task  performance 
dependences,  and, t o  a large  degree,  on subjec t ive   op in ion .   (See   re fs .  1 t o  4 . )  A 
c o r o l l a r y   t o   t h i s   p r e m i s e  i s  that   the   s imulator   device  that   produces  the  motion  cues  
need not  be  an e x o t i c  machine t h a t  is  unobta inable   to   the   major i ty  of the  community. 
This   coro l la ry  is no t   he ld   t o  be i n v i o l a t e ,  however, f o r  a few s p e c i f i c   t a s k s   t h a t  
a r e   p u r p o r t e d   t o   r e q u i r e   e x t e n s i v e   t r a n s l a t i o n a l   c a p a b i l i t y .   ( S e e   r e f .  5.) One such 
t a s k  is the   s imula t ion  of a i r c r a f t   f l a r e  and touchdown. 

The d e f i c i e n c i e s  of f l i g h t   s i m u l a t o r s  i n  v i s u a l   f l a r e  and touchdown performance 
a re   genera l ly   a t t r ibu ted   to   inaccurac ies   in   g round-ef fec t   model ing ,   inadequac ies  of 
v i s u a l   d i s p l a y s   i n   a t t i t u d e   r e f e r e n c e ,   a l t i t u d e   e s t i m a t i o n ,  and s ink- ra te   es t imat ion ,  
and, i n  re fe rences  6 and 7, t o   t he   l ack  of vertical-motion  cueing. 

The s imulator   motion  device  current ly  i n  use a t  Langley  Research  Center is of 
the  six-degree-of-freedom,  synergistic  type  that   has  seen  widespread  application 
throughout  the  simulation community. The syne rg i s t i c   na tu re  of the   device ,  combined 
with  the  generally  low-valued,  short-period  frequency of  most t r a n s p o r t   a i r c r a f t ,  
makes it a poor   candidate   to   a l leviate   the  ver t ical-motion  cueing  problem. I n  f a c t ,  
i n  most app l i ca t ions  a t  Langley ,   the   ver t ica l   degree  of freedom i s  used  only  to 
introduce  turbulence  cues  into  the  motion  environment.   (See  refs.  8 and 9.) 
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Another  simulation device tha t   does   p rov ide  vertical cueing  information to  t h e  
p i lo t  is t h e  g-seat. The Langley-developed  version of the   g -sea t  is an  inexpensive,  
high-bandwidth,  four-celled pneumatic seat tha t   has   p roved  t o  be e f f e c t i v e   i n   f i g h t e r  
s imulat ions.  (See refs. 10 and 11 . )  The p r e s e n t  paper p r e s e n t s   t h e   o b j e c t i v e  
r e s u l t s  from a s tudy   t ha t   u sed  the g-seat  t o  augment t h e  platform motion  cues for 
s imulated  t ransport   landings.  

I n   a d d i t i o n  to  e v a l u a t i n g   t h e   e f f e c t s   o f  the ver t ical-motion  cues ,  the study  had 
a n   a d d i t i o n a l   f a c t o r ,  runway width  and  magnification. The e f f e c t s  of a change i n  
runway width or magnif icat ion on touchdown performance were eva lua ted   i n   an  attempt 
to  assess the   impor t ance   o f   f i de l i t y   i n  runway width. The Langley t e r r a in   boa rd   has  
a runway width  of 265 f t  r a the r   t han   t he  more t y p i c a l  real-world width of 200 f t .  A 
method of  obtaining  the  width  of 200 f t  by changing  the  magnif icat ion  factor   of   the  
scene to 1.3 w a s  conceived.  In  l ight  of some sugges t ed   e f f ec t s  of  magnification on 
sink-rate  performance (ref. 121, some comparison was necessary .   Therefore ,   for   th i s  
comparison,  the  visual  scene  supplied t o  t h e   p i l o t  w a s  tha t  of a 12  000-ft runway 
w i t h   e i t h e r  a width of 265 f t  a t  a magni f ica t ion   fac tor  of 1 .Or or a width  of 200 f t  
a t  a magnif icat ion  factor   of  1.3. 

Pr ior  t o  p resen ta t ion  of t h e   r e s u l t s  on   bo th   fac tors ,  a brief d e s c r i p t i o n  of the  
s i m u l a t o r   c h a r a c t e r i s t i c s  and the  experimental   design  and  task is given. 

SIMULATOR CHARACTERISTICS 

Airplane  Mathematical-Model  Characterist ics 

The mathematical model of a Boeing 737-100 a i rp lane   inc luded  a non l inea r   da t a  
package for a l l  f l i g h t   r e g i o n s ;  a ground-effect model; a nonl inear   engine model; and 
nonlinear  models of servos,   actuators ,   and spoiler mixers. The s imula t ion  of the  
basic airframe w a s  va l ida t ed  prior t o  i ts  u s e   i n  numerous s t u d i e s .  

For th i s   i nves t iga t ion ,   t he   s imu la t ed   a i rp l ane  w a s  i n   t h e  landing-approach  con- 
f i g u r a t i o n   w i t h   t h e   a p p r o x i m a t e   f l i g h t   c h a r a c t e r i s t i c s   p r e s e n t e d   i n  table  I and was 
manually  flown by the   eva lua t ion   p i lo t   w i thou t   con t ro l -whee l   s t ee r ing  or autoland. 

Computer Implementation 

The mathematical   model  of  the  airplane  and  the  simulation  hardware  drives were 
implemented  on the  Langley  Fl ight   Simulat ion Computing  Subsystem.  This  subsystem, 
cons i s t ing   o f  a Control  Data CYBER 175  computer  and associated interface  equipment ,  
so lved   the  programmed equat ions 32 times per  second. The average time delay  from 
i n p u t  to  output  (1.5 times the sample per iod)  w a s  approximately 47 msec. 

Simulator  Cockpit  

The cockpi t  of the  Langley  Visual/Motion  Simulator (VMS) w a s  configured as a 
t r anspor t   cockp i t .  The p r imary   i n s t rumen ta t ion   cons i s t ed   o f   an   a t t i t ude   d i r ec t ion  
i n d i c a t o r   ( i n c l u d i n g   s t e e r i n g  commands wi thou t   f l a r e   gu idance ) ,   an  altimeter, and 
ver t ica l - speed ,   hor izonta l - s i tua t ion ,   a i r speed   (bo th   ind ica ted   and   t rue) ,   angle-of -  
a t tack,   angle-of-s idesl ip ,   and  turn-and-sl ip   indicators .  
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Visual  Display , 

The VMS is provided  with  an  "out-the-window" v i sua l  d i s p l a y  by a vir tual- image 
system  of   the  beam-spl i t ter ,   ref lect ive-mirror   type.  The system,  located  nominally 
1.27 m from the   p i lo t ' s   eye ,   has  a nominal f i e l d  of  view 48O wide  and 36O high  and 
uses  a 525-line TV raster system. The display  system  provides a 46O by 26O ins t an -  
taneous   f ie ld  of view. The system  supplies a c o l o r   p i c t u r e  of un i ty   magni f ica t ion  
wi th  a r e s o l u t i o n  on the   o rder  of  9 minutes  of  arc. 

The scene  depicted  in   the  vir tual- image  system w a s  obtained from a t e l e v i s i o n -  
camera t ransport   system  used  in   conjunct ion  with a t e r r a i n  model board. The model 
board, 24 f t  by 60 f t ,   o f f e r s   t e r r a i n  and  an a i r p o r t  complex a t  a 1500: 1 s c a l e ,  com- 
plete wi th   t ax i   l igh ts ,   v i sua l   approach   s lope   ind ica tors  ( V A S I ) ,  runway end i d e n t i -  
f i e r   l i g h t s  (REILS) ,  and so f o r t h .  

The te levis ion-camera  t ransport  system used i n  conjunct ion   wi th   the   t e r ra in  
model board is desc r ibed   i n   r e f e rence  13. The maximum hor i zon ta l  speed c a p a b i l i t y   o f  
t h e  system is 444 knots ,   wi th  a ver t ical-speed  capabi l i ty   of  +30 000 ft/min. The 
t r a n s l a t i o n a l   l a g s  of t he  system are 15 msec o r   l e s s ,  and t h e   r o t a t i o n a l   l a g s   a r e  
22  msec o r   l e s s .  The average  total   v isual   delay,   including  computat ional   throughput  
delay,  was thus less than 70 msec. 

The a i r p o r t  complex  has two p a r a l l e l  runways (1  2 000 f t  i n  l e n g t h )   t h a t  have a 
w i d t h  of 265 f t .  Normally,  runways  of that   length  have  widths of 200 f t .  To a s s e s s  
t h e   e f f e c t s  of  runway width on touchdown per formance ,   the   ver t ica l   and   la te ra l   d r ive  
scale f a c t o r s  of t he  camera t r a n s p o r t  system were mul t ip l ied  by a f a c t o r  of 1.3. 
This  change  induced a width of 200 ft, with a magni f ica t ion   fac tor  of  1.3. Figure 1 
displays  the  landing  scene  €or   both  visual   condi t ions.  

Motion  System 

The motion  performance limits of t he  vMs a r e  shown i n   f i g u r e  2. These limits 
are for  single-degree-of-freedom  operation.  Conservatism must be e x e r c i s e d   i n   t h e  
use  of the   pos i t i on  limits, because  they  change as t h e   o r i e n t a t i o n  of t h e   s y n e r g i s t i c  
base  varies.   References 4 and 14 t o  16 document t h e   c h a r a c t e r i s t i c s  of the  system, 
which possesses   s teady-s ta te  time l ags  of less than  15 msec.  Thus, t h e   a v e r a g e   t o t a l  
motion  delay,   including  computational  throughput,  i s  less than 70  msec ( ignor ing   the  
lead  introduced by washout)  and is qui te   compat ible   with  the  visual   delays.  The 
washout system used t o   p r e s e n t   t h e  motion-cue commands t o   t h e  motion  base is  non- 
s tandard.  It is the  nonl inear ,   coordinated,   adapt ive  washout  method ( r e f s .   1 7  
and 18) which w a s  developed a t  Langley to   p rovide   mot ion   dr ive   s igna ls   to   the   s ix-  
degree-of-freedom moving base. The nonl inear   adapt ive   washout   f i l t e rs  of t h i s  wash- 
o u t  method are based on the  opt imizat ion  technique of cont inuous   s teepes t   descent .  

Motion w a s  r e s t r i c t e d  t o  f ive   degrees  of freedom  because of t he   ob jec t ionab le  
hydraulic  noise  induced by t h e   v e r t i c a l  motion of t h e   s y n e r g i s t i c  base, and  because 
only a small amount  of v e r t i c a l  cue w a s  ava i l ab le .  The small amount of v e r t i c a l -  
acce le ra t ion   cue   ava i l ab le  w a s  due to  a combination of p o s i t i o n  limits of t he  motion 
base and the  short-per iod  f requency of t he  737-100 airplane  in   the  landing-approach 
conf igura t ion .  The cue   ava i l ab le   fo r  heave ve r t i ca l   acce l e ra t ion )   unde r   t hese  con- 
d i t i o n s  w a s  less than 0.0% ( l g  = 9.81 m/sec ), which is the  product  of amplitude 
( 1.5 f t )  and the   square  of  frequency  (frequency was less than 1 rad/sec) . Theref  ore, 
the  heave  axis  w a s  not  used. However, touchdown cues were subjec t ive ly   eva lua ted  as 
realist ic when presented  through  the  pitch  axis  only.  (See ref.   9.)  
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g-Seat 

The g-sea t   used   in   th i s   s tudy  w a s  a second-generation seat designed  and  fabri-  
c a t e d   a t   t h e  Langley  Research  Center. The seat con ta ins   i n f l a t ab le   pads   o r   b l adde r s  
supported by a h a r d   s u r f a c e .   I n i t i a l l y ,   t h e  pressure i n   t h e s e  pads is b i a s e d   t o  
suppor t  a p i l o t  so t h a t  j u s t  h i s  two main areas of s u p p o r t ;   t h e   i s c h i a l   t u b e r o s i t i e s ,  
contact   the   hard  pan.  This b ia s   ad jus t s   t he   " f i rmness"  of t he  seat. As acceleration 
i n c r e a s e s   ( p o s i t i v e  g va lues   deve lop ) ,   a i r  is  removed, a l lowing   the  p i lo t ' s  weight   to  
compress  the  bladders  and  force more of h i s   weight  t o  be  supported by the  area about  
t h e   t u b e r o s i t i e s .  However, some a i r  is l e f t   t o   p r e v e n t  a f a l se   cue  of t he  seat f a l l -  
i ng  away from the   s ides  of the legs and  buttocks.  For  negative g v a l u e s ,   s u f f i c i e n t  
a i r  i s  added to   t he   b l adde r s   t o   suppor t   t he  body weight  without  al lowing them t o  
become too   f i rm as a r e s u l t  of the  pressure.   This  manner of opera t ion ,  which repro-  
duces  the seat a c t i o n s  found  during  f l ight ,  also reproduces   o ther   re la ted   events ,  
such  as  raising  or  lowering  the body,  which  changes t h e   p i l o t ' s  eye pos i t ion   and  
j o i n t   a n g l e s .  

Reference  10  provides   data   indicat ing a p r e s s u r i z a t i o n  time of 45 msec and a 
bleed time of 60 msec f o r  step inputs   of  50 percen t  of maximum fo r   t hese   b l adde r s .  
Analysis of t he  step and s inusoida l   responses  of t h e  seat shows t h a t  it can  be  con- 
s ide red  a 0.45 damped, 25 rad/sec,  second-order  system  over  the  frequency  range  of 0 
t o  8 Hz. This provides  an  equivalent 35-msec s teady-state   t ime  delay from seat com- 
mand to   s ea t   p re s su re   ove r   t he   fu l l   r ange  of opera t ion  of t h e   s e a t ,  and when t h e  
s imulator   computat ional   delay of 47 msec is  added t o   t h i s ,  it y i e l d s  a g-seat   delay 
s l i g h t l y   i n   e x c e s s  of 80 msec. 

Normally, for s imula t ions  of  fixed-wing f i g h t e r   a i r c r a f t ,   t h e   f u l l  dynamic  range 
of the seat is sca led  from Og t o  6g wi th   t he   l g   neu t r a l   pos i t i on   b i a sed  as a func t ion  
of t he   p i lo t ' s   we igh t .  For t h e   t r a n s p o r t   a p p l i c a t i o n ,   s u b j e c t i v e   e v a l u a t i o n   r e s u l t e d  
n o t   o n l y   i n   s c a l i n g   c h a n g e s ,   b u t   a l s o   i n  a change i n   t h e   d r i v e  command. The goa l  of 
the   augmenta t ion   e f for t  w a s  t o   p r o v i d e   v e r t i c a l   c u e i n g   t h a t  would a l l o w   t h e   p i l o t s  
t o  have b e t t e r   c o n t r o l  of a i r c ra f t   s ink - ra t e   i n fo rma t ion .  It  w a s  hypothesized  that  
s ince   s ink - ra t e   i n fo rma t ion   ( i n   t he   i ne r t i a l - ax i s   sys t em)  is no t   r ead i ly   ex t r ac t ed  
from  normal accelerat ion  ( in   the  body-axis   system)  without   computat ions  ( f ig .  3 ) ,  a 
d i r e c t   p r e s e n t a t i o n  of i n e r t i a l   v e r t i c a l   a c c e l e r a t i o n  by the   g -sea t  would provide 
the  maximum o p p o r t u n i t y   t o   d e t e c t   t h e   p o t e n t i a l   o f   g - s e a t   a p p l i c a t i o n   t o   t h e   l a n d i n g  
simulation  problem. Figure 3 a l s o  shows the   g - sea t   d r ive  command, which w a s  propor- 
t i o n a l   t o   i n e r t i a l   v e r t i c a l   a c c e l e r a t i o n .  The ga in   and   the   neut ra l   pos i t ion  of t he  
seat were  determined  subject ively  for   the  landing  task.  

DESCRIPTION OF THE EXPERIMENT 

The experiment i s  desc r ibed   i n  terms of i ts  s ta t i s t ica l  des ign ,   the   p i lo t -  
v e h i c l e   t a s k s ,   t h e   p a r t i c i p a t i n g   p i l o t s ,  and the  objective  performance  measures.  

Experimental  Design 

I n   o r d e r   t o   e v a l u a t e   t h e   e f f e c t s  of t h e   v e r t i c a l   c u e s   s u p p l i e d   t o   t h e   p i l o t  by 
the   g -sea t  as an  augmentation  of  platform  motion  cues,  four levels of  motion  were 
examined.  Fixed-base  operation,  g-seat  operation,  moving-base  operation,  and com- 
bined  g-seat  and  moving-base ope ra t ion   a r e   t he   fou r   l eve l s .  The  two l e v e l s  of runway 
width were used as a v i s u a l   f a c t o r ,  and f o u r   p i l o t s ,   f l y i n g  four r e p l i c a t e s   e a c h   f o r  
each  experimental   condi t ion,   completed  the  ful l - factor ia l   design.  
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Approach, Flare, and Touchdown Task 

The s imula ted   a i rp lane  w a s  trimmed s t r a i g h t  and l e v e l  a t  an  a i rspeed  of  
120 knots on t h e   g l i d e   s l o p e  and l o c a l i z e r  a t  a range of 10 500 f t  from the  runway 
threshold.  The g l ide -pa th   i n t e rcep t   po in t  on the  runway w a s  1000 f t  beyond t h e  
threshold.  The p i l o t ' s   t a s k  w a s  t o   e f f e c t  a t r a n s i t i o n  from s t r a i g h t  and l e v e l  
f l i g h t   t o   t h e  3 O  gl ide   s lope ;   then ,   whi le   cont ro l l ing   speed ,   the   p i lo t  would complete 
the  approach  and  then  f lare  visually  and  touch down. 

P a r t i c i p a t i n g   P i l o t s  

Four NASA r e s e a r c h   p i l o t s   p a r t i c i p a t e d   i n   e a c h  of the   l anding   s tud ies .  Three of 
t h e   p i l o t s  have   had   ex tens ive   exper ience   wi th   v i sua l   l andings   in   f l igh t   s imula tors ,  
whereas the o the r  one  has  had  only  limited  experience. Each p i lo t   f l ew   seve ra l   p rac -  
tice runs  before   complet ing  four   repet i t ions of the  task  for   each  motion  condi t ion 
under a given  visual   condi t ion.  The v i sua l   cond i t ion  w a s  then  changed  and  the prac- 
t i c e  and d a t a   c o l l e c t i o n   f o r   e a c h  motion  condition were repeated.  Ordering  of  motion 
condi t ions   wi th in   the  v i s u a l  condi t ion  w a s  random, as w a s  the   o rder ing   of   the   v i sua l  
cond i t ion   p re sen ta t ion   fo r   each   p i lo t .  

Objective  Performance  Measures 

Analyses of var iance were used as the   ch ie f   ana lys i s   too ls   for   the   exper imenta l  
results. The measures to  be analyzed  consis ted of t h e   t h r e e   i n e r t i a l   v e l o c i t i e s  
( l o n g i t u d i n a l ,   l a t e r a l ,  and s i n k   r a t e ) ,   t h e   i n e r t i a l   v e r t i c a l   a c c e l e r a t i o n ,   t h e   p i t c h  
a t t i t u d e  j u s t  p r i o r  t o  touchdown,  and the  runway  touchdown poin t   (bo th   longi tudina l  
and l a t e r a l   c o o r d i n a t e s ) .  

EXPERIMENTAL RESULTS 

Table I1 is  a summary of the  analyses  of variance  for  the  seven  performance 
measures. The s e c t i o n s  which fo l low  a re   d i scuss ions  of t h e   s t a t i s t i c a l l y   s i g n i f i c a n t  
sources of var iance.  

Pi lots  

A l l  measures p rov ided   d i f f e ren t i a t ion  among p i l o t s ,   a l t h o u g h   t h e   r e l a t i v e   d i f -  
fe rences  among ind iv idua l s   va r i ed  from  measure t o  measure. To demonstrate   this  
po in t ,   th ree   p i lo t s   p roduced   qu i te  similar mean values  of lateral velocity  (which 
were d i f f e r e n t  from t h a t  of t h e   o t h e r   p i l o t ) ,   b u t   e n t i r e l y   d i f f e r e n t  mean values  of 
l a t e r a l  touchdown po in t .   I n  most p i lo t -veh ic l e   t a sks ,  p i lo t  d i f f e rences  are l a r g e  
sources  of experimental   variance,  which  must be and are e a s i l y   i s o l a t e d  from the  
ana lys i s  of o ther   fac tors .   Table  I11 presen t s   t he  means and s tandard   devia t ions   o f  
e a c h   p i l o t   f o r   t h e  s.even  measures. 

Visua l  

The d i f f e rences   i n   v i sua l   p re sen ta t ion   (one  runway width a t  one magni f ica t ion  
compared with  another  width a t  a d i f f e ren t   magn i f i ca t ion )  were de tec t ab le  i n  t h e   d a t a  
of only two measures,  pitch a t t i t u d e  and  longi tudinal   veloci ty .   Table  I V  p r e s e n t s  

5 
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the means and s tandard   devia t ions  for these measures. Mean performance with the 
200-ft runway a t  a 1.3 magni f ica t ion   fac tor   d i f fe red   f rom the means achieved  with  the 
265-ft runway a t  a 1.O.magnif icat ion  factor  by an   increase  of 0.7' i n   p i t c h   a t t i t u d e  
and a decrease of 5 €t/sec i n   l o n g i t u d i n a l   v e l o c i t y  a t  touchdown. One i n t e r p r e t a t i o n  
of t h e s e   r e s u l t s  is tha t   t he   magn i f i ed   v i sua l   ve r t i ca l   ve loc i ty   p re sen ted   t o   t he  
p i lo t   th roughout   the   approach   in  the case of the  200-ft  runway induces a h ighe r   p i t ch  
a t t i t u d e ,  which i n   t u r n  creates a lower forward  veloci ty .  The reduced  sink rate a t  
touchdown t h a t  is expected  with a l a r g e r   p i t c h   a t t i t u d e  may be o f f s e t  by the change 
i n  ground effect induced by the  angle-of-attack  change  (about 0.6O). Hence, t he re  
w a s  no detectable change i n  sink rate a t  touchdown. 

Another i n t e r p r e t a t i o n  is that the p i t c h  change detected w a s  an  instantaneous 
measure a t  touchdown and may not  have  existed  long  enough t o  a f f e c t  the s ink - ra t e  
dynamics.  In  any  event,  there w a s  no de t ec t ab le   change   i n   s ink  rate a t  touchdown 
between the v i sua l   cond i t ions .  

P i l o t  By Visua l   In t e rac t ion  

The s ign i f i cance  of this  second-order term i n d i c a t e s  tha t  t h e   d e t e c t a b l e   v i s u a l  
e f f e c t  w a s  no t   cons tan t   across  the p i lo t   popu la t ion .   Indeed ,   t he   v i sua l   e f f ec t s  
measured by changes i n  pitch and forward v e l o c i t y  were more pronounced in   t he   pe r -  
formance  of  one p i l o t .  Although t h e   d i r e c t i o n s  of  change were the same, the  changes 
f o r  the o t h e r   t h r e e   p i l o t s  were smaller. Table V p r e s e n t s  the means and s tandard  
dev ia t ions  of t h i s   i n t e r a c t i o n  term for  these  measures.  

Motion 

The motion f a c t o r  w a s  s t a t i s t i c a l l y   s i g n i f i c a n t   f o r   t h r e e  of the  measures, 
although these s ta t is t ical  s ignif icances  probably  have little practical value. (See 
f i g s .  4 and 5 and t a b l e  V I . )  'Ihe s t a n d a r d   e r r o r s  of a d i f f e r e n c e  sd between treat- 
ment means ( t a b l e  V I ) ,  based on the mean-square e r r o r  s from the  analyses  of va r i -  
ance, were 

w i t h  93 degrees of freedom. 

In  terms of t h e   p r i n c i p a l  measure  of t h i s   s tudy ,   s ink  rate, the bes t   condi t ion ,  
moving-base opera t ion ,   d i f fe red  from the  worst   condi t ion,   f ixed-base  operat ion,  by 
only 0.84 f t / s e c .  Vertical a c c e l e r a t i o n  a t  touchdown w a s  a l s o   s l i g h t l y  less f o r   t h e  
moving-base condition.  Landing  posit ion down the runway l eng thened   s l i gh t ly  w i t h  the 
add i t ion  of  motion  cues (165 f t )  . 

For t w o  of t he  three measures   ( longi tudinal   posi t ion  and sink rate),  g-seat  cue- 
i n g   r e s u l t s   f e l l  between fixed-base  performance  and  moving-base  performance,  and  the 
combined operat ion  produced  only  comparable   resul ts   to   the moving-base-only  condi- 
t i on .  From t h e s e   r e s u l t s ,  it can be i n f e r r e d   t h a t  the s l i g h t  improvements obtained 
w i t h  motion  cueing  from either the g-sea t   o r   the   p la t form (moving base)  are a t t r i b u t -  
able to   the  feedback of state-change  information which they  provide.   Certainly,   the  
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improved  performance  under  moving-base-only  conditions  cannot  be  attributed t o  
vertical-motion  cues,  because  none are provided by the  platform.  

Rep l i ca t e s  

The r e p l i c a t i o n   f a c t o r  w a s  s i g n i f i c a n t   f o r   t h e  touchdown p o i n t  on the  runway 
when averaged  over a l l  condi t ions.   (See  f ig .  5 and  table  V I I . )  The d i s t a n c e  of the 
touchdown p o i n t  from the   g l ide -pa th   i n t e rcep t   po in t   i nc reased   w i th   i nc reas ing   expe r i -  
ence. More detailed checks  of  higher-order  interactions  between  experimental  condi- 
t i o n s  and r e p l i c a t e s  w e r e  n o t   s i g n i f i c a n t .   T h i s   e f f e c t   i n d i c a t e s   i n c r e a s i n g   l o n g i -  
t ud ina l   pos i t i on   w i th   r ep l i ca t ion   €o r  a l l  condi t ions.  An i n s u f f i c i e n t  number of 
p rac t i ce   l and ings   be fo re   da t a   co l l ec t ion   fo r   each   cond i t ion  must be assumed t o  be t h e  
cause   o f   th i s   e f fec t .  However , no e f f e c t s  of r e p l i c a t i o n  were d e t e c t e d   i n   t h e   o t h e r  
measures. 

CONCLUDING REMARKS 

The r e s u l t s  of th i s   s tudy   concern ing   g-sea t   augmenta t ion   of   p la t form  mot ion   for  
v e r t i c a l   c u e i n g   f o r   t r a n s p o r t   a p p l i c a t i o n s  are somewhat disappointing.  Although 
performance  with  the  g-seat  only  did  improve  sl ightly  over  that   for  f ixed-base opera- 
t i on ,  combined g-seat and platform  operat ion showed no  improvement i n  performance 
over  motion-only  operation. However, the  magnitude  of  the  improvement  of  motion-only 
opera t ion   (wi th  no ver t ica l   cue ing)   over   f ixed-base   opera t ion   ind ica tes   tha t   the  
p i lo t -veh ic l e   t a sk  w a s  motion  sensi t ive enough t o  d e t e c t  any   bene f i t   o f   ve r t i ca l  
cueing,  had  one  been  present,  with  g-seat  operation. From t h e s e   r e s u l t s ,  it may be 
i n f e r r e d   t h a t   t h e   s l i g h t  improvements  obtained  with  motion  cueing from e i t h e r   t h e  
g-sea t   o r   the   p la t form are a t t r i b u t a b l e  to  the  feedback  of  state-change  information. 

When one  runway width  magnification  factor w a s  compared  with a d i f f e r e n t  combi- 
n a t i o n ,   t h e   v i s u a l   r e s u l t s   i n d i c a t e d   t h a t  runway width  probably  had  no  influence on 
pi lot-vehicle   performance.   Performance  differences  that  were detected may more read- 
i l y  be a t t r i b u t e d   t o   t h e   e x t a n t   ( e x i s t i n g   t h r o u g h o u t )   i n c r e a s e   i n   v e r t i c a l   v e l o c i t y  
induced by the  magnif icat ion  factor   used  to   change  the runway wid th ,   r a the r   t han   t o  
t h e   w i d t h   i t s e l f .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
February 16, 1983 
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TABLE I.- LINEAR APPROXIMATIONS OF THE FLIGHT 
CHARACTERISTICS OF THE B-737-100 AIRPLANE 

weight. N ................................................................... 400 341 

Cen te r  of g r a v i t y   0 . 3 1 ~  
. ............................................................. 

Flap de f l ec t ion .  deg .......................................................... 40 

Landing  gear .................................................................. Down 

Damping r a t i o   f o r  . 
Short   per iod ................................................................ 0.562 
Long per iod ................................................................. 0.089 
Dutch r o l l  .................................................................. 0.039 

Period. sec. fo r  . 
Shor t   per iod  ................................................................ 6.30 
Long period ................................................................. 44.3 
Dutch r o l l  .................................................................. 5.12 
Spi ra l   d ivergence  ........................................................... 24.0 
Roll   subsidence ............................................................. 0.53 



TABLE 11.- SUMMARY OF ANALYSIS  OF VARIANCE 

Factor 

( a )  
- ~" .=._-_. - 

P 

v 

P x v  

M 

P x M  

V X M  

P X V  X M  

Repetit ions 

Error 

"~ 
~~~ 

3 

1 

3 

3 

9 

3 

9 

3 

93 

Degrees 
of 

freedom 

~~ 

Signi f icanceb  of performance  measures a t  touchdown 

Longitudinal  
- 

ire l o c i  t y  

** 

**  

**  

- 
- 
- 
- 
- 

Position 

** 

- 
- 
* 

- 
- 
** 

L a t e r a l  
t 

V e r t i c a l  

k c e l e r a t i o n  

aFactors   are   as   fol lows:  P - p i l o t ;  V - v i sua l ;  M - motion. 
bSignif icance shown as  follows: 
- n o t   s i g n i f i c a n t   a t   l e v e l s   c o n s i d e r e d .  
* s i g n i f i c a n t   a t   5 - p e r c e n t   l e v e l .  

* *  s i g n i f i c a n t   a t   1 - p e r c e n t   l e v e l .  
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TABLE 111.- MEANS AND STANDARD  DEVIATIONS  FOR  STATISTICALLY  SIGNIFICANT 
MEASURES OF PILOT FACTOR  WITH 32 TOUCHDOWNS  PER PILOT 

_ _ _ _ _ _ ~ ~ ~  

Longitudinal  measures 

n Pos i t ion ,  ft I Ve loc i ty ,  ft/sec 

r 

P i  l o t  
Standard 
dev ia t ion  

-857.553 636.924 
-252 e223 299.745 
-547.621 255.730 

262.504 257.852 

Mean I Standard 
deviation 

-202.472 

2.437 -204 e350 
3.41 6 -194.522 
8.1 21 -208  -523 
4.909 

Vertical measures 

Ve loc i ty ,   f t / s ec  

P i  l o t  
Standard 
dev ia t ion  

-3.041 1.186 
-5  -276 1.196 
-4.308 1.242 

4  -4.767  1.344 

T 
T I 

Accelerat ion,  f t /sec 2 

Standard 
dev ia t ion  

-4.821 2.007 
-8.632 4.234 
-5.806 2.41 5 
-6.926 2.670 

- 
Lateral  measures 

- " 

Pos i t ion ,  f t  I Veloc i ty ,   f t / s ec  
. . . - .. - . 

~~ 

P i  l o t  
Mean Standard Mean 

dev ia t ion  deviation 
Standard 

~ .~ . .. .~.  - .- " 

1 
2 

2.708 0.266 13.407 -1 1.720 

2.026 -1.797 8.902  12.729 4 
1.677 - .085 11.036  15.026 3 
1.557 - e1 74 5.784 -1 -590 

~ ~ . ~ 

P i  l o t  

4 

Mean 1 Standard 
deviation 

0.951 
1.471 
1.083 
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TABLE  1V.- MEANS AND STANDARD DEVIATIONS  FOR  STATISTICALLY  SIGNIFICANT 
MEASURES OF VISUAL FACTOR  WITH 64 TOUCHDOWNS 

PER  VISUAL  CONDITION 

I Measure 

V i s u a l  
Pitch,  deg Longi tudina 1 

velocity, f t /sec 
~- 

Width, f t  Mean Magnification 
Standard Mean 
deviation deviation 

Standard 

- 

265 
5.1 18 -1 99.986 1.118 3.408 1.3 200 
8.171 -204.947 1 -508 2.730 1 .o 

- " ~ ~~ 

TABLE V.- MEANS  AND STANDARD DEVIATIONS  FOR  STATISTICALLY  SIGNIFICANT 
MEASURES O F   P I L O T  BY VISUAL  INTERACTION W I T H  

16 TOUCHDOWNS PER  CONDITION 

V i s u a l  

Width, f t  
~~ ~~ - 

265 
200 

265 
200 

265 
200 

265 . 
200 

. .~ ~~ 

~ 

M a g n i f i c a t i o r  

1 .o 
1.3 

1.0 
1 03 

1 .o 
1.3 

T 
P i t c h  

Measure 

M e a n  

2.792 
3.521 

1.01 4 
3 .I 62 

4.094 
4.477 

3.01 9 
2.474 

Standard 
devia t ion  

0.966 
-808 

.797 
1 .I74 

1.436 
.534 

.840 

.842 

Longi 
velocit  

Mean 

-204.168 
-200.776 

-21  5.399 
-201 -646 

-195.210 
-1 93 -834 

-205.010 
-203 -690 

x d i n a  1 
7, f t / sec  

Standard 
devia t ion  

4.989 
4.334 

3.672 
4.684 

4.1 89 
2.358 

2.494 
2.264 
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TABLE  VI.-  MEANS AND STANDARD DEVIATIONS  FOR  STATISTICALLY  S IGNIFICANT 
MEASURES O F  MOTION  FACTOR  WITH 32 TOUCHDOWNS PER  CONDITION 

Mot i o n  

Fixed base 
Motion base 
g-seat 
C o m b i n e d  
Standard error 

Longi tudina l  
position, f t  

~~ 

Mean 

-257  -578 
-426.164 
-285  -859 
-425 292 

Standard 
deviat ion 

543.343 
572.989 
503.758 
654.643 

78.4 

- 

V e r t i c a l  

V e l o c i t y ,   A c c e l e r a t i o n ,  
f t/sec ft/sec2 

-. . 

Mean . Standard Mean Standard 
deviation deviation 

-4.1 92  -6.375 

TABLE  VI1.-  MEANS AND STANDARD DEVIATIONS  FOR  STATISTICALLY 
S I G N I F I C A N T  MEASURES OF  REPLICATE  FACTOR 

WITH 32 TOUCHDOWNS PER  REPLICATE 

-~ . ~ . . ~  . - . - - - - . - - 

Longi tudina l  posi t ion,  f t  

R e p l i c a t e  
Mean Standard 

deviation 
~ ~ "" "~ . . . . . - - . . . " - 

-1  73.873 
-355.049 
-364  -621 
-501  .351 

438.029 
491.91 2 
547.683 
735.564 
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L-80-2092 

( a )  V i e w  of  265-ft-wide runway with  magnif icat ion  factor   of  1.0.  

L-80-2096 
(b) V i e w  of  200-ft-wide  runway with  magnif icat ion  factor   of  1.3.  

Figure 1.- V i e w s  from g l ide   pa th  a t  a l t i t u d e  of 200 f t  with  the 
two v i sua l   cond i t ions .  
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Posi t ion   Veloc i ty   Acce lera t ion  

P i t ch  +30, -20' +15 deg/sec 250 deg/sec 2 

R o l l  +_2 20 +-15 deg/sec 250 deg/sec2 
Yaw 53 2 O  +15 deg/sec +SO deg/sec 2 

vertical  +0.762, -0.991 m 50.610 m/sec +-0 .6g 
Lateral 21 .219 . m  +O .610 m/sec +O .6g 
Longi tudinal  +1.245,  -1.219 m 20.610  m/sec 20 6g 

- 

L-79-312 
Figure 2.- Motion performance limits of the  Langley  Visual/Motion  Simulator. 

l g  = 9.81 m/sec . 2 
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Inertial  
vertical  

accel e ra t i  on , 
f t/ sec 2 

" 

! I ! l I I I l I I - I I I I I I I I I I l ~ l ! !  ! I ! ! !  1 

Max. a i r  o u t  

g-seat 
drive 

command 

Neutral 
Max. a i r  il 

Time, sec 



Y 

.r 
v, 

-6 

(a) Vertical velocity (sink rate). 

Figure 4.- Significant measures for motion factor. 
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- 1 3 ~ ~ I I I I I I I I I I I I I I I I i I I I I I I r I I 1 1 1 1  

Fixed base Motion base g-seat Combined 

Mot ion  condi t ions 

(b )  Iner t ia l   ver t ica l   acce le ra t ion .  

Figure 4.- Concluded. 
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( a )  Longi tudinal   posi t ion a t  touchdown as a func t ion  of motion  condition. 

Figure 5.- Fac tor   p lo ts  for  longi tudina l   pos i t ion  measure. 
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(b) L o n g i t u d i n a l   p o s i t i o n  a t  touchdown as a f u n c t i o n   o f  replicate number. 

F igu re  5.- Concluded. 



1. Report No. 2. Government Accession No. 3. Recipient’s C a t a l o g  No. 1 
NASA TP-2135 1 I 1 

4. Title and Subtitle I 5. Report  Date 
EVALUATION OF g-SEAT AUGMENTATION OF FIXED-BASE/ April 1983 
MOVING-BASE SIMULATION FOR TRANSPORT LANDINGS 6. Performing Organization Code 
UNDER TWO VISUALLY IMPOSED RUNWAY WIDTH CONDITIONS 505-35-33-01 

7. AuthorbJ 8. Performing Organization Report  No. 

Russell V. Parrish and George G. Steinmetz 

9. Performing Organization Name and Address 

NASA Langley  Research  Center 
Hampton, VA 23665 

12. Sponsoring  Agency Name and Address 

National  Aeronautics and  Space Administration 
Washington, DC 20546 

L-15540 
10. Work Unit  No. 

11. Contract or Grant No. 

13.  Type  of Report and Period Covered 

Technical  Paper 
14. Sponsoring  Agency  Code 

I 

15. Supplementary Notes 

16. Abstract 

Vertical-motion  cues  supplied by a g-seat   to  augment platform motion  cues i n  the 
other  f ive  degrees of freedom were evaluated  in  terms of t h e i r   e f f e c t  on objective 
performance  measures  obtained  during  simulated  transport  landings  under  visual con- 
di t ions.   In   addi t ion  to   evaluat ing  the  effects  of the  vertical   cueing, runway width 
and magnification  effects were investigated. The g-seat was evaluated  during  fixed- 
base and moving-base operations. Although  performance  with  the  g-seat  only improved 
slightly  over  that   with  f ixed-base  operation, combined g-seat and platform  operation 
showed  no improvement over  platform-only  operation. When one runway width a t  one 
magnification  factor w a s  compared with  another  width a t  a different   factor ,   the   vis-  
u a l  r e s u l t s  indicated  that   the  runway width  probably’had no e f f e c t  on pilot-vehicle 
performance. The few performance differences  that  were detected may be more readily 
attr ibuted  to  the  extant  (existing  throughout)  increase  in  vertical   velocity  induced 
by the  magnification  factor used t o  change the runway width,  rather  than  to  the widt 

17. Key Words  (Suggested by AuthorlsJ J 18.  Distribution Statement 

g-seat 

Visual  magnification 
Runway width 
Motion cues 

Unclassified - Unlimited 

Subject  Category 05 Simulated  landings 

19. Security Classif. (of this report) 22. Rice 21. NO. of pages 20. Security Classif. (of this page) 

Unclassified A0 2 23 Unclassified 

For sale by the  National  Technical  Information  Service,  Springfield,  Virginia 22161 NASA-Langley, 1983 


